Trions are excitonic species with a positive or negative charge, and thus, unlike neutral excitons, the flow of trions can generate a net detectable charge current. Trions under favourable doping conditions can be created in a coherent manner using resonant excitation. In this work, we exploit these properties to demonstrate a gate controlled trion switch in a few-layer graphene/monolayer WS 2 /monolayer graphene vertical heterojunction. By using a high resolution spectral scan through a temperature controlled variation of the bandgap of the WS 2 sandwich layer, we obtain a gate voltage dependent vertical photocurrent strongly relying on the spectral position of the excitation, and the photocurrent maximizes when the excitation energy is resonant with the trion peak position. Further, the resonant photocurrent thus generated can be effectively controlled by a back gate voltage applied through the incomplete screening of the bottom monolayer graphene, and the photocurrent strongly correlates with the gate dependent trion intensity, while the non-resonant photocurrent exhibits only a weak gate dependenceunambiguously proving a trion driven photocurrent generation under resonance. We estimate a sub-100 fs switching time of the device. The findings are useful towards demonstration of ultra-fast excitonic devices in layered materials.
Results and Discussions:
shows the optical image of the device delineating the different stacked layers by marking with different colors.
The fabricated device is then placed on a thermal stage and the terminals of the device are connected to Keithley 2636B SMUs through micromanipulators for electrical measurements.
The temperature (T ) of the device is then increased from room temperature to 423 K in steps of 10 K. At every temperature, the device is illuminated with a linearly polarized laser beam with photon energy of 2.33 and 1.9591 eV through an objective with numerical aperture of 0.5 at different back gate voltages (V g ) ranging from −40 to +40 V. We record the in situ photoluminescence (PL) spectra and photocurrent at each V g and T steps. During measurement, the incident laser power is kept below 8 µW to avoid any unwanted degradation of the device due to laser induced heating. Figure 1c shows the transfer characteristics (I dark -V g ) of the vertical device under dark condition at 295 K, when a V d = 20 mV bias is applied across the two terminals. The graphenelike "V" shaped curve suggests that the V g dependence primarily arises from the modulation of the chemical potential in the bottom monolayer graphene and the junction acts like a tunneling series resistance. In the inset, the I dark -V d plot is shown at V g = 0 V confirming the ohmic nature of the junction arising from strong carrier tunneling between the top and the bottom graphene layers through the bandgap of WS 2 .
The difference in doping induced workfunction between the top FLG and the bottom MLG
results in an asymmetry in the device along the vertical direction, which results in a built-in electric field, allowing a detectable photocurrent (I ph = I light −I dark ) between the two electrodes under V d = 0 V. This helps us to reduce the average dark current to zero, suppressing the dark noise of the switch dramatically. The sign of the zero-bias vertical I ph at different V g suggests a net electron flow from the top FLG to the bottom MLG. Figure 1d depicts the temperature dependent variation of the A 1s neutral exciton (X 0 ) peak position as obtained using 2.33 eV excitation. The individual spectra at each temperature are shown in Supplemental Material S1 [26] . The X 0 and trion (X − ) peak positions, as obtained from a Voigt fitting, are plotted as a function of temperature in Figure 1e . One could readily identify that apart from a red shift of the peak position due to temperature induced reduction in bandgap, the trion peak survives up to the highest temperature (423 K) used in the experiment -suggesting highly stable trion on the junction. This is further supported by an enhancement in the trion dissociation energy (separation between the X 0 and X − peaks) at higher temperature in Figure 1e , arising from enhanced doping of monolayer WS 2 at higher temperature [25] .
The dashed vertical line in Figure 1d indicates the spectral position of the 1.9591 eV excitation. This suggests that using a fixed excitation at 1.9591 eV, with a change in the sample temperature, we can perform a high resolution spectral scan around the X 0 and X − overlap region. The transient response of the zero-bias I ph under 1.9591 eV excitation is shown at different temperatures in Figure 1f . Since V d = 0, the dark current is ideally zero and practically only limited by the noise of the measurement setup. The vertical jumps in I ph when excitation source is toggled between on and off states indicate that the device works as a fast photonic switch. The magnitude of I ph exhibits a strong non-monotonic trend with temperature, peaking at T = 343 K, which corresponds to the resonant condition between the excitation energy and the X − peak. This strongly points to the fact that coherently excited trions participate in the detected photocurrent.
The temperature dependent non-monotonic photocurrent generation mechanism is explained in Figure 2 . When the temperature is around 300 K (top panel of Figure 2a ), the bandgap of WS 2 is higher, and the excitation is well below the X 0 and X − position, thus the resulting photocurrent is weak. The source of this photocurrent from such non-resonant excitation is the photo-excited electrons from the top FLG being driven to the bottom MLG tunneling through the WS 2 barrier by the built-in electric field, as schematically depicted in Figure 2b . Note that if the temperature changes the relative doping between the top and the bottom graphene, the resulting change in the built-in field would in turn cause a monotonic change in the photocurrent with an increase in temperature. The observed non-monotonicity in I ph magnitude with temperature thus hints a separate mechanism other than just photoelectron tunneling must contribute to the non-monotonicity.
As the sample temperature reaches a value of around 343 K, the linearly polarized photon creates trions in a coherent manner in K and K valleys, as explained in Figure 2c [9, 11] .
Each of the trion consists of a bright exciton in one valley electrostatically bound with an electron in the lower spin-split conduction band from the opposite valley. Since inter-layer transfer is ultra-fast (∼sub-ps [12, [27] [28] [29] ), which is faster than trion radiative decay (∼tens of ps [?, 2, 9, 10, 19, [30] [31] [32] ), the whole negatively charged trion can be transferred to the bottom monolayer graphene driven by the built-in electric field, as illustrated in Figure 2d . To account for charge neutrality, the top layer graphene injects an electron to the WS 2 , completing the circuit. Thus the trion state acts as an intermediate state to provide a favourable path for the flow of the charge current enhancing the photocurrent. Under resonance, this is the dominating photocurrent transport mechanism in the vertical heterojunction. We also note that after resonant excitation, even if the trion recombines radiatively before being transferred to the bottom graphene layer, the released electron in the conduction band of WS 2 can still be driven to the bottom MLG through the built-in field to generate the photocurrent, as depicted in Figure 2e . However, noting that the inter-layer transfer process is faster than the radiative lifetime, the latter process of photocurrent is less dominant.
As temperature increases further, the resonance condition breaks and thus the photocurrent also lowers. Around 393 K , the excitation comes in resonance with X 0 (Figure 2f-g) peak, however the I ph is still quite low. The net charge in the neutral exciton being zero, the exciton flow does not contribute to the charge current in spite of being resonantly created and transferred to the bottom graphene layer as evidenced from quenching of photoluminescence in several studies [33] [34] [35] . It is also possible that the resonantly created exciton can form trion with emission of phonon, which could eventually generate a charge current. However, the time it takes to form the trion through phonon emission is much longer than inter-layer exciton transfer, suppressing this process, and hence the photocurrent at exciton resonance is also suppressed compared to trion resonance. With further spectral de-tuning through increase in temperature (Figure 2h ), I ph is even more suppressed. Figure 3a shows the transient response of I ph with V g varying from −40 to 40 V, keeping the temperature fixed at 343 K, suggesting a monotonic increment of I ph with V g . Figure 3b shows the strong tunability of I ph with T as well as V g through a color plot. With an increase in V g at the back gate, the WS 2 film can be gated through the bottom MLG film due to its incomplete screening. The gate tunability of I ph is maximum when the excitation is around the resonance with the X − peak, and tunability reduces on both sides. This is a further evidence regarding the strong role of the trion in the photocurrent generation mechanism. With larger positive V g , formation of X − is favoured, which in turn increases the photocurrent. The point is further elaborated in Figure 3c Figure 3d , the relative X 0 (solid circles) and X − (open circles) peak shifts with respect to 1.9591 eV are plotted, with the zero on the vertical axis indicating resonance conditions.
In order to further justify the point that the observed I ph results from negatively charged trions, we correlate the photocurrent magnitude with the X − peak height obtained under 1.9591 eV excitation. Figure 4a shows in a color plot the photoluminescence intensity around the X − spectral region as a function of V g . The vertical axis shows the spectral position with respect to the excitation energy. The exact X − resonance condition is shown by the open circles (as obtained from 2.33 eV excitation), and cannot be reached during PL measurement with 1.9591 eV excitation due to the cut-off of the edge filter (individual spectra are shown in Supplemental Material S2) [26] . Nonetheless, close to the trion resonance, we clearly notice a monotonic increase in the intensity with an increase in V g . The individual spectra with 2.33 eV excitation at different gate voltages are depicted in Figure 4b , clearly indicating the increasing strength of trion with an increase in the gate voltage. In Figure 4c Finally, we comment on the estimated switching speed of the trion switch. Since trions are coherently generated through optical excitation, the primary step limiting the intrinsic speed of switching is the inter-layer transfer time of the trion. This inter-layer transfer timescale can be roughly estimated through the difference in homogeneous linewidth broadening of the trion emission between WS 2 at the junction and from WS 2 lying on SiO 2 . The total homogeneous linewidth of the trion emission can be estimated from the radiative recombination rate (Γ r ), non-radiative scattering rate (Γ nr ) and inter-layer transfer rate (Γ tr ) by Γ = Γ r +Γ nr +Γ tr . The last term is present only for the heterojunction, and absent for a control WS 2 sample placed on SiO 2 . Thus, we have,
where ∆Γ is the difference in the Lorentzian component of the full-width-at-half-maximum of the X − peaks between the junction and the control sample, after fitting each of them using a Voigt function [18, 33] . We estimate a value of τ ≈ 65 fs suggesting the ultra-fast nature of the trion switch.
In summary, we have demonstrated a gate-and light-controlled trion switch, where trion is 
